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Ultrahigh-Energy Photons as a Probe of Nearby Transient Ultrahigh-Energy 
Cosmic-Ray Sources and Possible Lorentz-Invariance Violation 
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Detecting neutrinos and photons is crucial to identifying the sources of ultrahigh-energy cosmic 
rays (UHECRs), especially for transient sources. We focus on ultrahigh-energy 7-ray emission from 
transient sources such as 7-ray bursts, since > EeV 7 rays can be more direct evidence of UHECRs 
than ~ PeV neutrinos and GeV-TeV 7 rays. We demonstrate that coincident detections of ~ 1 — 100 
events can be expected by current and future UHECR detectors such as Auger and JEM-EUSO, 
and the detection probability can be higher than that of neutrinos for nearby transient sources at 
< 50 — 100 Mpc. They may be useful for constraining the uncertain cosmic radio background as 
well as knowing the source properties and maximum energy of UHECRs. They can also give us 
more than 10** times stronger limits on the Lorentz-invariance violation than current constraints. 

PACS numbers: 98.70.Rz, ll.30.Cp, 98.70.Sa 
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The origin of ultrahigh-energy cosmic rays (UHECRs) 
is one of the biggest mysteries in astroparticle physics, 
and a number of scenarios have been theoretically pro- 
posed so far (for reviews, see, e.g., [l|). However, physical 
conditions in these potential sources are uncertain, and 
observational progress in source identification has been 
limited by the scarcity of experimental data (e.g., 01). 
The recent results of large area detectors such as the 
Pierre Auger Southern Observatory (PAO) have started 
to give us crucial clues to the origin. Indeed, the first 
PAO results reported a significant correlation between 
the arrival directions of the highest-energy cosmic rays 
and the large-scale structure of the Universe, which is 
inhomogeneous up to dozens of Mpc (e.g., [1, H). How- 
ever, not only active galactic nuclei (AGNs) but 
also transient sources such as 7-ray bursts (GRBs) 0, [1] 
and magnetars @ can be UHECR sources so far. Even 
if the association of UHECRs with AGNs is real, the 
PAO report suggests that the majority of the correlating 
AGNs seems radio-quiet, a class of objects not showing 
any nonthermal high-energy emission, and the power of 
those AGNs seems insufficient to produce UHECRs jTo| . 
This problem may be solved if UHECRs are produced 
during active states such as flares [ll|, [12]. When the 
UHECR sources are transient, the magnetic fields in the 
Universe not only deflect UHECRs but also cause sig- 
nificant time delays compared to photons and neutrinos 
generated during the bursts (e.g., [l^l)- Then, due to 
difficulties in identifying the sources through UHECRs, 
it is more favorable to detect photons and neutrinos. 

We focus on ultrahigh-energy (UHE) photon emission 
from transient UHECR sources with numerical calcula- 
tions considering the cosmic infrared, microwave, or ra- 
dio background (CIB/CMB/CRB) and the loss due to 
the intergalactic magnetic field (IGMF). We demonstrate 
that UHE photons can be the most useful messenger 
for nearby sources, though the results depend on source 
properties and the uncertain CRB. Constraints on the 
Lorentz-invariance violation (LIV) arc also discussed. 

UHE photon production in the source. — If cosmic rays 



are accelerated up to ultrahigh energies, hadronic 7 rays 
and neutrinos should be produced via the pp or p^ reac- 
tions, but their effici ency and resulting spectra depend on 
source 

models Hill- In this work, for demonstra- 

tive purposes, we mainly consider p^ photons and neu- 
trinos from GRBs [ll| as an example (e.g., [1, [H, Ull). 
We especially demonstrate the case of relatively low lumi- 
nous bursts, motivated by recent suggestions that nearby 
bursts such as GRB 060218 are dimmer but more numer- 
ous than classical GRBs [and they are often called low- 
luminosity (LL) GRBs] Other cases such as AGN 
flares can also be considered similarly. 

First, we write a source UHECR energy spectrum as 
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where p is the local apparent rate of bursts responsi- 
ble for the observed UHECRs, p is the source spectral 
index, and E^'^^ is the maximum UHECR energy. In 
this work, assuming proton composition, we adopt p = 2 
expected in the ankle scenario [3, The energy in- 
put rate at Ea = 10^^ eV is estimated as E^^^jg^ - 

10*'' ergMpc^Vr"^ from the UHECR data P, 0, [H. 
The recent PAO results suggest that, if the UHECR 
sources are transient, the UHECR energy input per burst 
at 10^^ eV is S'i^cR = '^cr(10^^ eV) - 10^°-^ erg p^l 
(0.1 Gpc-^r"^ <P< 10^-^ Gpc-^r-^) [ll. Classical 
GRBs correspond t o p ^ 0.1 — 1 Gpc~^yr~^ while LL 



t o p 

GRBs, hypernovae [l3| and AGN flares pJJ| may corre- 
spond to p^ 10^"^ Gpc"^yr-^ 

Provided a proton spectrum and a target photon spec- 
trum, we can calculate spectra of p"f photons and neu- 
trinos. As a photon spectrum, we use a (broken) power 
law which is also expected in the synchrotron emission 
mechanism: dn/de oc £~". Here e is the target pho- 
ton energy in the comoving frame (while £ob ~ is 
the energy in the observer frame, where F is the bulk 
Lorcntz factor). In the case of GRB prompt emission. 
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a ~ 1 for £ < e*" and a ^ 1 for < e are observed as 
typical values, where is the break energy [l^. Then, 
using the A-resonance approximation, the effective opti- 
cal depth for the j»7 reaction in the source is estimated as 

is /p^ « W„Ap^ ^ 0.1 5/ (-Bp/i?^)""\ 

where w 1.6 x 10^^ eV V\ ^{e\^^^ kov)~^ is the reso- 
nance energy, is the photon luminosity at , r is the 
emission radius, tdyn ~ r/Tc is the dynamical time scale 
of the relativistic source, and tp-y is the energy loss 
time scale. Wc may expect efficient meson production 
(min[l,/p^] - 0.01 - 1). 

The produced pions decay into 7 rays and neutrinos 
via 7r° — > 27 and tt^ — > -I- I'd'^e) + J^/x + f'/j- Lifetimes 
of 7r° and n"^ are 8.4x 10"^'' and 2.6x 10~* s, respectively. 
Because of tt^'s very short lifetime, we may expect that 
sufficiently high-energy 7 rays reflect proton and photon 
spectra, leading to E^^cjyP" oc fp^E^-P cx E^^^+'^'P. How- 
ever, for 7 rays, it is an important issue whether they 
can escape from the source without significant source at- 
tenuation. The most relevant process is pair creation, 
whose optical depth is evaluated for the same photon 
field as that given for the pj reaction [1, [31 (see also 
Ref. [ll] for more general discussions). But, for syn- 
chrotron sources, the self-absorption becomes important 
at low energies [l^ [l^l . In the case of GRB prompt emis- 
sion, the synchrotron self-absorption energy is roughly 

estimated as e^g - 2 eV iL''^,48f^^L]/j%^]^^T~l^^r:[l^, 
where Lm is the outflow luminosity and is the ratio of 
the magnetic energy density to the photon energy density 
[l6l . [l9| . When the Klein-Nishina effect is relevant above 
e^"^ (where ioh = T^m^cVeob), we have [1, Q [H, [H 

V ""^ J { (fe) (if) A (III < E-,) 

where A is the logarithmically energy-dependent term 
from the Klcin-Nishina effect. An example for a 
somewhat bright LL GRB-like burst is shown in 
Fig. 1, where accurate cross sections of 77 — > 
e+e~ and 76" — > e~e^e~ are used. Although 
the escapability depends on source models, UHE 
photons could escape from the source at E^™ ^ 

10^^ eV -£'!^,48'"l4"^5(^ob,10 koV^ob,! ev) (^ob/^ob) ^ 

unless additional low-energy photon fields exist. In this 
work, we calculate primary 7-ray spectra by exploiting 
elaborate numerical calculations including various pro- 
cesses d, [1^ and the result for the somewhat bright 
LL GRB-like burst is shown in Fig. 2, where — 1 
and the other relevant parameters are described in the 
caption of Fig. 1. In the calculations, we also es- 
timate the maximum energy and E'^'^^ ~ 10^°'^ eV 
is obtained in this case. Roughly speaking, the pri- 
mary 7-ray spectrum can be approximated as iJ^t/jP" « 

4;^^/p7e"^-^"""/^"^£^p^^, where the typical 7-ray 
energy is E^ k, Q.lEp. 
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FIG. 1: The interaction and attenuation lengths of high- 
energy photons and electron-positron pairs propagating in 
the Universe. An example of the source optical depth of 
photons in the case of bright LL GRB-like bursts is also 
shown for demonstration, where r = lO'^^ cm, V = 10^'^, 
= 10-*** erg s-\ Q = 1 and 2.2, eI^ = 10 keV and 
etl = 10°-^ eV. 



Next, we briefly discuss the case of AGN flares. Fol- 
lowing Ref. [nl, let us adopt = 10"*^ erg s^^, 
r = 10^^'^ cm and F = lO"'^ (corresponding to the 
duration of T ~ lO""'^ s). We can obtain E:*!^'" ~ 

IOI6.5 cV(£^S/£tb)""'A, taking e^^ - 10 cV and Lm ^ 
lO"*"^ erg s-^ Then, escape of UHE photons from the 
source is possible but it typically seems more difficult 
than the case of GRBs. The meson production efficiency 
is also estimated as fp^ ~ Q.l{Ep/ E^)"" , so that the 
expected fluence level of primary UHE photons can be 
similar to that shown in Fig. 2. Although detailed re- 
sults depend on scenarios and parameters, the relevant 
processes are similar, and it is enough to show the case 
of GRBs for the demonstrative purpose of this work. 

In order to prove acceleration of UHECRs, detections 
of particles with E^ k, h EeV i?p, 20 or E^ « 10 EcV i?p, 20 
arc favorable. However, very high-energy neutrino emis- 
sion may be suppressed since charged mesons and muons 
can cool down before they decay [IJ] . It will be true espe- 
cially in the case of GRB prompt emission since the com- 
parison between tt^'s lifetime and its synchrotron cooling 

time gives S^^" « 4.7 x lO" eV ^b^'^ {L^^^y^'^l^r^.^ 
above which the flux is suppressed by (iJ^/i?^^")"^. 

Processes outside the source. — UHE photons, even if 
they can escape from the source, cannot avoid attenua- 
tion by the GIB, GMB, and GRB [J. At the high ener- 
gies of > 10 PeV, the attenuation lengths for pair cre- 
ation and invcrse-Compton scattering in the GMB are 
roughly A^^ ^ 2 Mpc £'.^,i8/ln(400i?^,i8) and Aic ^ 
2 Mpc 7e,i2/[ln(18007e,i2) — 2], respectively, and numer- 
ically calculated lengths are shown in Fig. 1. The GRB 
has rather large uncertainty at present, so that we con- 
sider the extreme two cases: the non-GRB case and the 
case of the high GRB model developed in Ref. [2l| . Sec- 
ondary electron-positron pairs generated by pair creation 
arc still energetic and upscattcr cosmic background pho- 
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FIG. 2: Energy fluences of UHE photons from a LL GRB-like 
UHECR burst with SSecr = W^"'^ erg for each distance. The 
primary 7-ray spectrum is also shown (see the caption of Fig. 
1 for the source parameters). Thick lines show the non-CRB 
case while thin lines show the CRB case, with Big = 10"^"^ G. 
The burst rates expected within each distance are 1/28000, 
1/94, 1/12, and 1/1.8 yr'^ 



tons. These boosted photons can create pairs as long as 
they are energetic, and the process repeats itself until 
the energy of degraded photons is in the 1-10 TeV range. 
Hence, as a result of this cascade process, the effective 
attenuation lengths are longer than the original ones [l| . 
To take into account this cascade effect, we have solved 
cascade equations [11, Q , whose results agree with previ- 
ous works m, [11] . We can neglect double pair creation 
and Bethe-Heitler processes when El^^"" < 10^^ eV [H. 

In Fig. 2, the resulting UHE 7-ray spectra are demon- 
strated for the numerically calculated primary 7-ray 
spectrum. Cascaded 7 rays with < 10^^'^ eV can en- 
hance our chance to detect UHE signals from nearby 
transient sources (see below). For _D ~ 40 Mpc, the 7- 
ray fluence is E^c/)^ - lO"^'^ erg cm"^ /pT.,-i£|fi;cR,50.5 
at ~ 10^^'^ eV in the non-CRB case, allowing us to 
expect their detections if a UHECR burst occurs at 
3 Mpc (hke Cen A), at ~ 20 Mpc (hke the Virgo 
cluster), and at ~ 40 Mpc (hke CRB 980425). For 
D ^ 20 Mpc, we have A/" ~ 10 events /p7,-1'?hecr 50 5 
by PAO {A ~ 3000 km^). But, the results depend on 
the uncertain CRB, which could make detections diffi- 
cult for bursts at > 50 Mpc. They are also affected by 
the maximum UHECR energy. 

The number of events Af would not usually be 
large, so that space and time coincidence with low- 
energy photons (e.g., x/7 rays) is important. Since 

the magnetic deflection angle is 63 ~ ^il^ ■^l.oh/''^L ~ 



3Ae/h.w7-^f/[ln(180007e,l3)-2]^/^ 



2.6 X 10 SiG -13^v^oh,kpc Ce.lS 

the magnetic time delay, which 
the most important, is Ats ~ 



is typically 

860 s -D40Mpc-Bj(3 „i3Acoh,kpc7e,i3 m> [23] ■ Hence, as 
long as the IGMF is weak enough, the magnetic time 
delay can be shorter than the burst duration of T (e.g., 
~ lO^"'^ s for GRBs), and coincident detections of 



FIG. 3: The comparison of Poisson probabilities to detect 
UHE (> 10 EeV) photons and high-energy (> 10 PeV) neu- 
trinos from a LL GRB-like UHECR burst. For UHE photons, 
A = 3000 km^ without the CRB (solid lines), A = 3000 km^ 
with the CRB (dashed lines), A = 3 x 10* km^ without the 
CRB (dotted-dashed lines), and A = 3 x 10* km^ with the 
CRB (dotted lines). For neutrinos, A — 1 km^ (double-dashed 
lines), assuming IceCube-like detectors. Thick and thin lines 
are for f^jfgcR = 10*°* erg and fjfgcH, = 10*^ erg, respec- 
tively. 



cascaded UHE photons can be expected. Note that such 
weak IGMFs are possible in voids, and the mean free 
path of UHE photons is > a few Mpc so that UHE pho- 
tons may escape from the structured region (filaments 
and clusters) and UHE pairs may feel weak IGMFs only 
[1, [2^. On the other hand, UHECRs can have longer 
and sufficient time delays since they should feel stronger 
IGMFs in the structured region (~ nC — fiG) and the 
galactic magnetic field [H, [2J] . If IGMFs are not weak 
or if there is the possible magnetic field of ~ 0.1 /iC 
in the galactic halo, we expect coincidence only for 
noncascaded photons, and cascaded photons (especially 
for < 10^^'^ eV photons) spread the signals out in time. 
The energy dependence is critical here, and lower-energy 
GeV-TeV photons have the much longer duration [2^. 

In Fig. 3, we compare the Poisson probability {V = 
S„A/'"e~^/n!) to detect > 1 events for neutrinos by km'^ 
telescopes such as IceCube with that for UHE photons by 
large area detectors such as PAO and JEM-EUSO (^ a 
few xlO^ km^) [2^1 . Spectra of both neutrinos and UHE 
photons are calculated for the same source parameters 
used in Figs. 1 and 2. UHE photons can be more useful 
to prove transient UHECR sources at from ^ 10 Mpc to 
- 50 - 100 Mpc. 

The burst rate of transient UHECR sources within 100 
Mpc is estimated from p as ~ 1.3 (^hecrsos) y"^ 
[1^. In fact, LL GRBs, hypernovae, and AGN flares 
may have corresponding rates of p 10^""^ Gpc~'^yr~^ 
[l,[lH- The expected rate is not so high, but there is still 
room to detect signals in the future. 

Implications and discussions. — In this work, we have 
demonstrated that, for nearby sources within dozens of 
Mpc, detections of UHE photons by PAO and JEM- 
EUSO can be expected and arc important to identify the 
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transient UHECR sources. They can also be useful to test 
the LIV which is often expected in quantum gravity theo- 
ries [ill ■ Let us expand the energy-dependent light veloc- 
ity as c' = c{E^ / CnEpxY" , where Ep\ is the Planck energy. 
Then, the LIV-induced time delay is written as AfLiv — 
[D / c){E-y / CnEpxY . When UHE photons are coincident 
with low-energy photons during T , from AiLiv < T , we 
obtain bounds of Ci > 3.4x 10"^i?-y.i9r3"^I?40Mpc for n = 1 

and C2 > 1.7 X 10"3£:T,49r3"^/^£'4^Mpc for " = 2. The 
current limits by Fermi observations of GRB 080916C 
are Ci > 0.13 and C2 > 7.9 x 10"^" [13 . Hence, possible 
detections of UHE photons may give us the most strin- 
gent limits on the LIV, as well as possible EeV neutrinos 
[2(j | . Even when observed UHE photons have time delays, 
we could potentially constrain the LIV since the energy 
dependence of A^liv is different from that of Ai^. Fur- 
thermore, LIV-induced modifications to the attenuation 
may increase our chance to detect UHE photons [2^ . 

UHE photons have two merits compared to neutrinos, 
in that (1) > EcV neutrinos may be suppressed due to the 
meson cooling and their detections via Earth-skimming 
VrS may not be so easy [2^, and (2) ^ PcV neutrinos 
suitable for IceCube-like detectors directly suggest accel- 
eration of ~ 100 PeV cosmic rays rather than UHECRs 
(> 10^*-^ eV). On the other hand, UHE 7-ray fluences 
depend on the CRB and the spectral shape at the high- 
est energies. Another uncertainty comes from fp^ and 
T^^ (e.g., in the mixed-composition scenario, it would be 
more difficult to detect neutrinos and photons Con- 



versely, detections of UHE photons will give us important 
information, e.g., enabling us to constrain the CRB. 

The background UHE photons from the sources would 
not be so important compared to cosmogenic photons 
and current PAO limits , though the future anisotropy 
search via, e.g., finding multiplet events could be relevant 
especially if the duration of UHE photon emission is long. 
Their arrival distribution may also be expected to trace 
the matter distribution of the nearby Universe. 

Finally, let us discuss associated GeV-TeV 7-ray sig- 
nals. They should also be important since a significant 
fraction of UHE photons should be radiated as lower- 
energy 7 rays via the synchrotron or inverse-Compton 
emission. But results would be rather sensitive to the 
IGMF in voids. If the IGMF is so weak, they may be 
detected as pair echoes, i.e., long lasting cascaded 7-ray 
emission (23 . If the IGMF is not weak, they may be de- 
tected as a pair halo [2^ but their flux should be greatly 
reduced. If the IGMF is strong enough, UHE pairs will 
emit ~ GeV 7^ ^gi^ic-g photons that could be detected 
by Fermi, though they are also be contaminated by ac- 
companied leptonic components. 
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